Introduction
============

Japan has achieved one of the longest lifespans in the world; in 2016, the average life expectancy was 87.14 years for women and 80.98 years for men (Ministry of Health, Labor, and Welfare 2017). The Japanese government is now trying to extend the "healthy" life expectancy, in which people can live healthy lives without support. The Japanese healthy life expectancy in 2016 was estimated to be 74.79 years for women and 72.14 years for men (Ministry of Health, Labor, and Welfare 2017). Three major causes of disruption of the healthy lives of Japanese people are (1) dementia, (2) cerebrovascular diseases, and (3) diseases of locomotive organs, including bone fractures and arthropathies (Comprehensive Survey of Living Conditions of 2016, Ministry of Health, Labor, and Welfare). To extend the healthy life expectancy, it is therefore important to prevent and/or control these diseases.

A variety of risk factors for dementia have been reported, including less education in early life (\<18 years of age); hypertension, obesity, and hearing loss in midlife (45-65 years of age); and smoking, depression, physical inactivity, social isolation, and diabetes in later life (\>65 years of age) ([@B1]). Many studies have also reported that tooth loss is associated with cognitive impairment and dementia ([@B2]-[@B11]). In most cases, tooth loss is the eventual outcome of periodontitis ([@B12]-[@B14]), making this a potentially preventable/modifiable risk factor for cognitive impairment and dementia.

In the present study, we examined the possible association between the number of teeth and the cognitive function in community-dwelling Japanese elderly individuals. We also examined whether or not the use of artificial teeth could preserve the cognitive function in these individuals.

Materials and Methods
=====================

Subjects
--------

In 2000, we began a prospective, community-based investigation of elderly residents in Takahata, a town in a rural area of Yamagata Prefecture, Japan ([@B15], [@B16]). Participants have been followed up until now. Subjects in the present study were 210 participants \[103 men and 107 women; 78.1±4.9 years of age; mean±standard deviation (SD)\] who had undergone both dental examinations and a Mini-Mental State Examination (MMSE), in addition to various medical checkups, in 2016 and 2017.

The study was approved by the Medical Ethics Committee of the Yamagata University Faculty of Medicine. All participants gave their written informed consent.

The dental examination
----------------------

One dentist (HK) carefully examined the dental status of each participant, including the numbers of natural and artificial teeth. "Natural teeth" were defined as an individual\'s own teeth with roots, including healthy, carious, or treated teeth (such as resined, crowned, inlay, and abutment tooth for bridge). Wisdom teeth (third molars) were also counted but not included in the number of natural teeth, as they were observed in only roughly 10% of the subjects and were mostly nonfunctional. "Artificial teeth" were defined as prosthetic replacements for missing teeth, such as dentures, pontics for bridges, or implants. The dentist had no information on the results of MMSEs and medical checkups.

The MMSE
--------

The cognitive function of each subject was evaluated by the MMSE, which is a measure of the cognitive function used worldwide. Scores range from 0 to 30, with the best being 30. The MMSE contains 11 questions in 8 categories, including orientation to time, orientation to place, registration, calculation, [recall](recall), [language](language), repetition, and responses to four complex commands ([@B17]). Subjects with an MMSE score of ≥27 were regarded as cognitively normal. Subjects with an MMSE score of 22-26 were suspected of having mild cognitive impairment (MCI), and those with a score of ≤21 were suspected of having dementia.

Clinical and laboratory examinations
------------------------------------

The number of years of schooling was obtained at a face-to-face medical interview. The health check included a blood pressure measurement, neurological examination, and blood tests (including HbA1c). The estimated glomerular filtration rate (eGFR) was calculated from the serum creatinine value and age using the abbreviated Modification of Diet in Renal Disease equation modified by the Japanese coefficient ([@B18]).

Statistical analyses
--------------------

Student\'s*t-*test, the Mann-Whitney U test, Kruskal-Wallis test, Cochran-Armitage trend test, Spearman\'s rank correlation test, and a multiple regression analysis were used for statistical analyses. The Results section describes which statistical tests were used for each comparison. A probability value of p\<0.05 was considered statistically significant. All analyses were performed using the R package 3.2.0 (<http://www.r-project.org/>) and EZR ([@B19]).

Results
=======

The mean MMSE score in the subjects examined was 25.9±3.4 (mean±SD; range 9-30). First, we examined the possible association between the number of natural teeth and the cognitive function. The results showed that the number of natural teeth was significantly associated with the MMSE score (Kruskal-Wallis test, p=0.0000618) ([Fig. 1](#g001){ref-type="fig"}). Aging is known to be a risk factor for both cognitive impairment and tooth loss; therefore, we performed a multiple regression analysis in order to adjust the effect of age on the findings, resulting in a significant correlation between the number of natural teeth and the scores of MMSE, independent of age (Estimate=0.1; 95% confidence of interval=0.048-0.15; p=0.00023). The percentage of cognitively normal subjects (MMSE scores: 27-30) decreased with the decrease in the number of natural teeth (Cochran-Armitage trend test, p=0.000622) ([Fig. 2](#g002){ref-type="fig"}). Among the 11 items of the MMSE, the calculation ability was significantly and independently associated with the number of natural teeth (multiple regression analysis, Estimate=0.923; Standard Error=0.398; t value=2.32; p=0.0216). The scores for the calculation item on the MMSE ranged from 0 to 5 in each subject. [Fig. 3](#g003){ref-type="fig"} shows that the subjects with ≥20 natural teeth had significantly higher scores for the calculation item than those with ≤19 natural teeth (Mann-Whitney U test, p=0.000141). The median scores for the calculation item were 4 and 2 in the subjects with ≥20 and ≤19 natural teeth, respectively ([Fig. 3](#g003){ref-type="fig"}). None of the other items were significantly associated with the number of natural teeth (data not shown).

![A box-and-whisker plot showing that the number of natural teeth is significantly associated with the MMSE scores (Kruskal-Wallis test, p=0.0000618).](1349-7235-58-1411-g001){#g001}

![The percentage of cognitively normal subjects (MMSE scores of 27-30) decreases with a decrease in the number of natural teeth (Cochran-Armitage trend test, p=0.000622).](1349-7235-58-1411-g002){#g002}

![A box-and-whisker plot showing that the subjects with ≥20 natural teeth had significantly higher scores for the calculation item of the MMSE than those with ≤19 natural teeth (Mann-Whitney U test, p=0.000141). The median scores were 4 and 2 in the subjects with ≥20 and ≤19 natural teeth, respectively. The scores for the calculation item of the MMSE ranged from 0 to 5 in each subject.](1349-7235-58-1411-g003){#g003}

To elucidate the demographic/laboratory findings related to the MMSE score, Spearman\'s rank correlation test was performed and showed that the age, education level (years of schooling), and number of natural teeth were significantly related to the MMSE score ([Table 1](#t001){ref-type="table"}). As shown in [Table 2](#t002){ref-type="table"}, the MMSE score was predicted based on the length of education (years of schooling) and the number of natural teeth, independent of age. The predicted MMSE score was equal to 21+0.3×(years of schooling)+0.1×(number of natural teeth) ([Table 2](#t002){ref-type="table"}). Both the length of education (years of schooling) and the number of natural teeth were significant and independent predictors of the MMSE score ([Table 2](#t002){ref-type="table"}).

###### 

Spearman's Correlation with MMSE Score.

                                mean±SD (range)          p value
  ----------------------------- ------------------------ ------------
  Age (years)                   78.1±4.9 (74-87)         0.0031
  Gender (Female/Male)          107/103                  0.64\*
  Years of education            10.7±2.0 (6-18)          0.00065
  Number of natural teeth       14.7±9.3 (0-28)          1.4×10^-6^
  Dental brushing ( /day)       1.8±0.9 (0-5)            0.063
  BMI (kg/m^2^)                 23.0±3.9 (14.1-40.1)     0.96
  Systolic BP (mmHg)            139.0±17.0 (90-188)      0.19
  Diastolic BP (mmHg)           74.9±10.0 (44-106)       0.27
  Fasting blood sugar (mg/dL)   107.4±23.6 (78-263)      0.85
  HbA1c (%)                     6.0±0.7 (4.8-11.4)       0.55
  Trigliceride (mg/dL)          108.8±61.3 (31-567)      0.38
  LDLc (mg/dL)                  113.1±30.5 (44-234)      0.38
  HDLc (mg/dL)                  60.8±17.2 (27-182)       0.87
  AST (U/L)                     20.7±13.9 (11-150)       0.16
  ALT (U/L)                     20.1±13.7 (7-175)        0.54
  γ-GTP (U/L)                   35.0±50.6 (9-406)        0.66
  Uric acid (mg/dL)             5.3±1.3 (1.7-8.8)        0.17
  Creatinine (mg/dL)            0.8±0.2 (0.4-1.5)        0.59
  eGFR (mL/min/1.73 m^2^)       64.2±14.5 (26.6-117.4)   0.78
  WBC (×10^2^/μL)               53.2±14.1 (26-98)        0.66
  Hb (g/dL)                     13.4±1.3 (10.1-17.1)     0.56
  PLT (×10^4^/μL)               21.8±6.1 (1.5-39.7)      0.15

\*Mann-Whitney U test.

MMSE: mini-mental state examination

###### 

Multiple Regression Analysis for Estimation of MMSE Score.

                         Estimates   95%CI        p value       Estimates   95%CI       p value
  ---------------------- ----------- ------------ ------------- ----------- ----------- -------------
  (Intercept)            23.3        15.1-31.4    6.57×10^-8^   21.1        18.9-23.2   1.5×10^-45^
  Age                    -0.03       -0.12-0.07   0.58                                  
  Education (years)      0.32        0.12-0.52    0.0017        0.33        0.13-0.53   0.0011
  Natural tooth number   0.10        0.05-0.14    6.4×10^-5^    0.10        0.06-0.15   3.0×10^-6^

Predicted MMSE score=21+0.3×(years of schooling)+0.1×(natural tooth number).

CI: confidence of interval

We next examined whether or not the use of artificial teeth could influence the cognitive function. To clarify this point, we examined a subgroup of participants who had ≤19 natural teeth (n=130). These subjects were further divided into two groups: those with a total of ≥20 teeth (n=111) and those with a total of ≤19 teeth (n=19), including both natural and artificial teeth ([Fig. 4](#g004){ref-type="fig"}). There was no significant difference in the number of natural teeth between the two groups (8.4±6.5 vs. 10.1±5.5, mean±SD; Student\'s *t-*test, p=0.3) ([Fig. 4](#g004){ref-type="fig"}), whereas a remarkable difference between them was found in the number of artificial teeth (18.5±7.2 vs. 2.0±3.6, mean±SD; Student\'s *t-*test, p=2.53×10^-17^) ([Fig. 4](#g004){ref-type="fig"}). Subjects who had a total of ≥20 teeth, including both natural and artificial teeth, had significantly higher MMSE scores than those who had a total of ≤19 teeth (Mann-Whitney U test, p=0.00175) ([Fig. 4](#g004){ref-type="fig"}).

![Among the participants who had ≤19 natural teeth (n=130), those with a total of ≥20 teeth, including both natural and artificial teeth, had significantly higher MMSE scores than those with ≤19 total teeth (Mann-Whitney U test, p=0.00175).](1349-7235-58-1411-g004){#g004}

Discussion
==========

The present study showed that the number of natural teeth was significantly associated with the MMSE scores in community-dwelling Japanese elderly individuals, independent of age, with the MMSE score estimated as 21+0.3× (years of schooling)+0.1×(number of natural teeth). Among the items of the MMSE, the calculation ability was significantly associated with the number of natural teeth. In addition, the use of artificial teeth was found to be associated with the preservation of the cognitive function in these subjects.

Previous studies have shown a significant association between the number of teeth and the cognitive function/dementia ([@B2]-[@B11]). In this respect, the present study confirmed the findings of these previous reports. In addition, our study revealed that, among the MMSE items, the calculation ability was significantly associated with the number of natural teeth; no previous studies have examined the association between each item of the MMSE and the number of natural teeth.

The mechanism by which cognitive impairment was associated with tooth loss remains unknown; however, there are some possibilities. One is the presence of periodontitis for a long time before tooth loss. In most cases, tooth loss is considered to be the final result of periodontitis ([@B12]-[@B14]). The inflammatory process associated with periodontitis may induce various cytokines and immunological responses that may adversely affect systemic organs and tissues, including the brain ([@B20]-[@B22]). It was shown that periodontitis exacerbated the brain inflammation triggered by brain amyloid-β deposition in a mouse model of Alzheimer\'s disease ([@B23]). Oral bacteria have also been neuropathologically found even in the brain of patients with Alzheimer\'s disease ([@B24], [@B25]). Another possibility is poor nutrition caused by periodontitis and/or tooth loss ([@B26]-[@B28]). Low B vitamins and high homocysteine concentrations were shown to predict cognitive decline in aging men ([@B26]). The third possibility is a reduced ability to masticate due to tooth loss ([@B29], [@B30]). In animal models, long-term masticatory dysfunction has been shown to induce memory impairment and neuronal cell loss in the hippocampus ([@B31]). It has also been reported that mastication may be associated with the hippocampal function via the expression of a neurotrophic factor in mice ([@B32]). In the present study, however, tooth loss was significantly associated with the calculation ability, but not with memory impairment, among the items of the MMSE. The calculation ability in the brain is localized to the dominant parietal lobe ([@B33], [@B34]), not the hippocampus. Memory loss and neuronal cell loss in the hippocampus are the cardinal features of Alzheimer\'s disease ([@B35]). Therefore, it is possible that tooth loss-associated cognitive impairment (TAC) may be derived from a pathological process different from Alzheimer\'s disease. The pathophysiological mechanism by which calculation is impaired in TAC therefore remains to be elucidated.

The present study revealed that the use of artificial teeth was associated with the preservation of the cognitive function in community-dwelling Japanese elderly individuals. However, their causal relationship remains unclear, as the present study was a cross-sectional study. Therefore, we cannot rule out the possibility that cognitively-impaired elderly individuals may not pay attention to their oral hygiene, resulting in their refusal of dental therapy. In a six-year longitudinal study examining institutionalized non-demented elderly individuals in nursing homes or homes for the aged, Shimazaki et al. observed that the incidence of mental impairment was greater in the subjects with few or no teeth not using dentures than in those using dentures; however, it was not significant after multivariate adjustment ([@B36]). In their study, the dentition status was examined by two trained dentists; however, the mental health status was obtained from nurses belonging to each home ([@B36]). They did not use the MMSE, the most widely used screening tool for providing an overall measure of cognitive impairment. It has also been reported that elderly individuals with few teeth and no dentures but not those with dentures developed dementia more frequently than those with ≥20 teeth during a follow-up period of 4 years ([@B37]). In that study, the tooth number was self-reported by participants, and the records of dementia onset were obtained from municipalities in charge of the public long-term care insurance system ([@B37]). In the present study, the tooth number was closely evaluated by a dentist, and the cognitive state was determined using the MMSE; therefore, the present study identified subjects with cognitive impairment before the onset of dementia. Despite the difference in the methods used among the three studies, it seems that the use of artificial teeth or dentures may aid in preserving the cognitive function in elderly individuals.

The limitation of the present study is that it is a cross-sectional study. For example, we demonstrated a significant association between tooth loss and cognitive impairment in community-dwelling elderly individuals; however, we were unable to determine whether tooth loss caused cognitive impairment or cognitive impairment caused tooth loss. In a three-year prospective cohort study of cognitively normal subjects, Okamoto et al. found that subjects with fewer teeth developed mild memory impairment more frequently than those with more teeth ([@B2]). Dintica et al. followed dementia-free participants for nine years and found that tooth loss was associated with a steeper cognitive decline during the follow-up period than tooth retention ([@B9]). Li et al. also observed that those who had fewer teeth tended to show a more rapid cognitive decline than those with more teeth in their 13-year longitudinal study ([@B7]). Taken together, these findings suggest that tooth loss may be a cause of cognitive impairment. Cognitive impairment and dementia are serious problems in aging societies, including Japan. The preservation of teeth by maintaining the dental health and/or using artificial teeth may be one possible measure for helping to preserve the cognitive function in the elderly.

In conclusion, tooth loss may be a cause of cognitive impairment, and the use of artificial teeth may help preserve the cognitive function in the elderly. Tooth loss-associated cognitive impairment may be characterized by an impaired calculation ability. Further longitudinal studies on humans and experimental animals are needed to clarify the causal relationship between the oral health status and the cognitive function.
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